1. Introduction {#sec1}
===============

In the revised McDonald criteria, the dissemination of lesions in infratentorial regions has been assigned an equal weighting to those in the supratentorial region and spinal cord, emphasizing their significance in the diagnosis of multiple sclerosis (MS) ([@ref28]). Such lesions are thought to be specific to MS ([@ref24]) and their detection using magnetic resonance imaging (MRI) has been found to be a predictor for long-term disability ([@ref25]), and indeed, the presence of at least one brainstem lesion has been found to represent an increased risk of disability ([@ref38]). These studies investigating infratentorial lesions in MS have focused on their prevalence and effects on clinical outcome ([@ref25]; [@ref38]); however, the pathophysiological effects of infratentorial lesions on white matter (WM) tracts in MS remain unclear. Using the experimental autoimmune encephalomyelitis (EAE) model, it has been demonstrated that MS lesions lead to axonal dissection and damage in sites distant to the autoimmune attack itself ([@ref34]). Local damage resulting from MS lesions has been reported in MS patients ([@ref10]; [@ref18]; [@ref32]), but their impact along WM fibers prior to complete transection is not well understood.

White-matter tissue can be specifically visualized using diffusion tensor imaging (DTI) ([@ref5]) and brain pathways can then be traced in vivo via fiber tractography ([@ref10]; [@ref26]). In DTI, MS lesions typically manifest as a local reduction in fractional anisotropy (FA) and increase in mean diffusivity (MD) within the lesioned area ([@ref10]; [@ref18]). By exploiting directional diffusivities, it has been demonstrated in mouse models of WM pathology that decreased axial diffusivity (AD) can be associated with axonal injury and increased radial diffusivity (RD) with demyelination ([@ref36]; [@ref37]). Furthermore, patients with relapsing--remitting MS (RRMS) ([@ref27]) and clinically isolated syndrome (CIS) ([@ref23]) were shown to have abnormal diffusion indices in the corticospinal tract that correlated with lesion load, which was interpreted as being associated with ongoing pathologic processes such as Wallerian degeneration and diffuse inflammation ([@ref10]). Previous in vivo studies using DTI and tractography in MS patients have demonstrated changes in DTI measures along fibers affected by MS lesions; however, these changes were not associated with the effects of an isolated lesion ([@ref4]; [@ref29]; [@ref41]). In a combined post-mortem histology and MRI study, Kolasinski et al. were able to demonstrate diffuse WM damage as a result of a focal MS lesion reflected by DTI measures. This was found to correlate with histological measures of myelin integrity ([@ref21]).

In this work, we aimed to investigate the impact of MS lesions in vivo on WM fibers in RRMS patients using DTI measures. Due to a lack of reports regarding the predilection sites of lesions in the brain stem, a preliminary lesion mapping study was performed on a large patient cohort in order to identify regions of interest for the subsequent DTI analysis. Then, the main focus of this work was to investigate the impact that an isolated lesion has on diffusivity measures in affected WM fiber tracts by comparison to corresponding contralateral non-lesioned fibers in those patients and to healthy controls. We could show that diffusivity measures are not only affected locally at the lesion site but along the entire fiber tract.

2. Method {#sec2}
=========

This study was approved by the local ethical committee and was conducted in accordance with the declaration of Helsinki. All participants gave their informed consent for participating in this study.

2.1. Subjects {#sec2.1}
-------------

In total 317 patients with RRMS were examined using MRI (215 using a 1.5-T scanner and 102 with a 3-T scanner). All patients were diagnosed according to the revised McDonald criteria ([@ref28]). In the 1.5- and 3-T cohorts, 106 (49%) and 68 (67%) patients, respectively, showed infratentorial lesions in T2-weighted MRI. The mean age of these patients was 35 y (SD = ± 10 y), with a mean disease duration of 6.1 y (± 5.8 y) and median expanded disability status scale (EDSS) score of 1.5 (range 0--6.5).

2.2. Magnetic resonance acquisition {#sec2.2}
-----------------------------------

For the lesion mapping study (see details below), data were collected on either a 1.5 or 3-T scanner. Data for the fiber tractography analysis was collected on the 3-T scanner only. T2-weighted images were obtained using a 1.5-T whole-body MR scanner with the standard head coil. The measurement parameters for the turbo spin echo (TSE) sequence were: TR = 3000 ms, TE = 175 ms, 160 sagittal slices with slice thickness 1 mm, and FOV = 256 × 208 mm^2^. Data were also recorded using a 3-T MR scanner (Magnetom TimTrio©, Siemens, Germany) with a 32-channel head coil and using the following protocol: 3D T1-weighted MP-RAGE sequence (TI = 900 ms, TR = 1900 ms, TE = 2.52 ms, FOV = 256 × 265 mm^2^, flip angle = 9°, voxel size = 1 × 1 × 1 mm^3^, 192 slices). 3D T2-weighted TSE sequence (TR = 500 ms, TE = 79 ms, FOV = 256 × 256 mm^2^, flip angle = 120°, voxel size = 1 × 1 × 1 mm^3^, 192 slices); and 2D T2-FLAIR sequence (TR = 9000 ms, TE = 79 ms, FOV = 210 × 210 mm^2^, flip angle = 150°, voxel size = 1 × 1 mm^2^, 45 slices, slice thickness = 3 mm, slice gap = 2 mm). The diffusion data were obtained using a single-shot DW EPI sequence (TR = 9000 ms, TE = 102 ms, 30 directions, *b* = 0 and 900 s/mm^2^, FOV = 256 × 256 mm^2^, matrix size = 128 × 128, flip angle = 90°, 62 slices slice thickness = 2 mm and gap = 0.5 mm, voxel size = 2 × 2 mm^2^, number of averages = 1).

2.3. Lesion mapping {#sec2.3}
-------------------

The preliminary lesion mapping study, conducted retrospectively to select regions of interest in the brain stem to be used in the subsequent DTI analysis, included all 317 patients. To define regional vulnerability to MS lesions, a lesion density (LD) map was calculated by relating the probability of plaques to the volume of the corresponding region using the MRIcroN software ([@ref3]; [@ref30]) ([https://www.nitrc.org/projects/mricron](https://www.nitrc.org/projects/mricron/){#interref1}). To create the lesion overlay map, T2-weighted WM lesion boundaries were firstly delineated on the T1-weighted images and then transposed onto a T1 Montreal Neurological Institute (MNI) template by an experienced operator (VF). The extension and location of the lesion shapes was controlled by a second experienced operator (AD).

2.4. Post-processing of diffusion data and tractography {#sec2.4}
-------------------------------------------------------

Building on the preliminary lesion-mapping study, DTI data were selected from the 3-T cohort only for tractography analysis based on lesions being found unilaterally at the inferior cerebellar peduncle (ICP; *N* = 21), or for comparison, at the left superior arcuate fasciculus (LSAF) fiber tracts (*N* = 23), which are commonly affected by MS lesions ([@ref31]). Fifteen age-matched healthy controls (HC) were also sampled on the same MR system. The ICP was located using a DTI atlas ([@ref40]). All DTI data were post-processed using the SPM8 diffusion toolbox (<http://www.sourceforge.net/projects/spmtools/>). Images were co-registered and re-sliced to the b0 image for motion correction. FA and MD maps were calculated. For the tractography, the lesion mask was used to define the seed points, which were determined individually in native space. Contralesional fibers were also extracted and considered as normal-appearing white matter (NAWM) fibers. The affected fibers were screened by an experienced operator to ensure the presence of only one single lesion along the fibers, and in the case of NAWM fibers that no lesion was present. Seed points were marked in HCs in order to extract corresponding fibers.

Tensor estimation and fiber tracking was performed using the MedINRIA DTI Track software ([http://www-sop.inria.fr/asclepios/software/MedINRIA/](http://www-sop.inria.fr/asclepios/software/medinria/){#interref3}) employing the streamline approach for tractography using angle and anisotropy thresholds of 0.2 and 0.3, respectively. Additional steps such as controlling the volume, length, and angulation, as well as employing Hausdorff mean gravity in order to remove outliers of the retraced fibers were taken to minimize possible inherent artifacts, particularly in brainstem regions.

2.5. Fiber tract-oriented statistics {#sec2.5}
------------------------------------

After extracting target fibers from MedINRIA, they were normalized and bundled by volume and length using the built-in length, center of mass-based fiber gravity, and Hausdorff distance-based fiber-set clustering algorithms in the Fiberviewer© software ([@ref15]). The DTI indices were plotted along the entire tract arc length as a function of the geodesic distance from the lesion site center in patients or the corresponding site in NAWM and HC groups. The distribution function of each diffusion component was compared using the Kolmogorov--Smirnov test.

3. Results {#sec3}
==========

3.1. Lesion mapping {#sec3.1}
-------------------

Lesion accumulation in the affected infratentorial areas in RRMS patients is shown in [Fig. 1](#f0005){ref-type="fig"}. The highest LD was found in the brainstem and cerebellar peduncles, particularly ventral and ventrolateral to the fourth ventricle in the boundary between the pons and peduncles ([Fig. 1](#f0005){ref-type="fig"}B). The cerebellar hemispheres showed disseminated lesions with barely overlapping lesions. Of the total 728 lesions, 380 (52%), 295 (41%), 20 (3%) and 19 (3%) were observed in the cerebellar peduncles, pons, mesencephalon and medulla oblongata, respectively, for which LD values of 13.38/cm^3^, 14.25, 2.44/cm^3^, and 2.84/cm^3^ were calculated, respectively.

3.2. DTI and fiber tracking of the ICP {#sec3.2}
--------------------------------------

One of the most common infratentorial predilection sites was found to be within the cerebellar peduncles, with 21 of the 3-T patients found to have a lesion affecting the right ICP fiber tract. The tracts of these 21 patients were compared with contralesional NAWM-ICP tracts and corresponding tracts in HCs; in total, 57 ICP fibers were investigated.

Directly at the lesion site, FA values decreased in the ipsilesional fibers in the 21 patients with lesions affecting the ICP compared to the corresponding site in HC and contralesional NAWM (*p* \< 0.001). Moreover, a decrease in FA was also observed in the contralesional NAWM relative to HC (*p* \< 0.05). RD was found to be increased at the lesion site in patients compared with corresponding sites in HC (*p* \< 0.001) and NAWM (*p* = 0.05) ([Fig. 2](#f0010){ref-type="fig"}). No differences were detected with respect to MD or AD (MD, *p* = 0.43; AD, *p* = 0.72).

[Fig. 3](#f0015){ref-type="fig"}A--E show that the DTI indices *along the entire* ICP fibers passing through MS lesions ([Fig. 3](#f0015){ref-type="fig"}A). FA values along ICP fibers were found to be lower in ipsilesional WM fibers compared to HC (*p* \< 0.05) (see [Fig. 3](#f0015){ref-type="fig"}B). RD showed an increase along the tracked ipsilesional fibers compared to the HC group (*p* \< 0.05) (see [Fig. 3](#f0015){ref-type="fig"}E). No differences in MD and AD values were observed between the three groups (*p* = 0.39).

3.3. DTI and fiber tracking of the LSAF {#sec3.3}
---------------------------------------

Diffusivity parameters were compared for 23 patients whose LSAF fibers were affected by one periventricular lesion. To ensure a valid comparison and avoid confounding variables, the analysis was performed in the same way for the ICP fibers. Again, contralesional NAWM fibers in the same patients and corresponding fibers in HCs were analyzed for comparison. In total, 61 LSAF fibers were investigated. [Fig. 4](#f0020){ref-type="fig"}A--F show the DTI indices *along* the entire LSAF fibers passing through an MS lesion. A comparison of FA along the entire fibers indicated a reduction in the ipsilesional fibers compared to HC and contralesional NAWM (*p* \< 0.01) ([Fig. 4](#f0020){ref-type="fig"}B), whereas MD, AD and RD were found to be increased (*p* \< 0.01) (see [Fig. 4](#f0020){ref-type="fig"}C--E).

4. Discussion {#sec4}
=============

The presence of two or more infratentorial lesions in MS patients has been shown to be related to the risk of long-term disability ([@ref25]), and thus, infratentorial lesions could be a useful marker for early identification of a more severe disease course ([@ref38]). However, the role of lesion location and topography in RRMS remains unclear. The first step in this study was to identify predilection sites of infratentorial lesions in RRMS patients. Our findings, based on data from 317 patients, indicate that within these regions, the pons and cerebellar peduncles were more frequently affected by MS lesions and exhibited markedly increased LD in comparison to the midbrain, cerebellar hemispheres and medulla. Similarly to the periventricular space and corpus callosum, which are the most-reported supratentorial plaque locations ([@ref39]), the cerebellar peduncles comprise densely packed nerve fibers connecting areas critical for motor, vestibular and ocular motor functions within the CNS ([@ref1]). These myelinated fibers are parallel laminated in contrast to more diffuse WM fiber pathways. Moreover, the results of our lesion mapping study are consistent with recent data indicating that the pons and cerebellar peduncles are the structures most likely affected by MS lesions in CIS patients with brainstem/cerebellar onset ([@ref19]). It should be noted that this preliminary lesion mapping study was performed retrospectively. Future prospective studies should be conducted to investigate whether there is any correlation between these predilection sites and distinct clinical outcomes.

The main objective of this study was to investigate both the local and distal impact that infratentorial lesions in the areas most affected in MS have on the pathways they interrupt. The present data from 118 investigated fiber bundles (57 ICP and 61 LSAF tracts in 23 RRMS patients and 15 HCs) show distinct alterations in diffusion parameters not only at the lesion site, but along the entire fiber tract. The presence of an MS lesion led to a global reduction in FA and a global increase in RD values along the entire ICP fiber. Our investigation of LSAF fibers affected by a lesion also revealed pathologic diffusivity along the tract, indicating that MS lesions impact WM fibers not only at the lesion site and its immediate surroundings, but rather have extended effects along the entire fiber. These findings are consistent with the hypothesis that increased RD could be a surrogate for demyelination processes ([@ref18]; [@ref20]). Demyelination and axonal pathology have been found not only at lesion sites ([@ref10]; [@ref18]; [@ref32]) but also in NAWM from post-mortem MS patients ([@ref17]); possible mechanistic explanations for why damage extends beyond the lesion vicinity are processes such as Wallerian and retrograde degeneration ([@ref35]). In animal experiments, axonal dysfunction such as long-term calcium upregulation has been found distant from a lesion after attack towards a neurite, suggesting that related destructive processes occur prior to transection; such neuronal dysfunction was found to be potentially reversible ([@ref34]).

In a recent study of cerebellar damage in MS using fiber tractography and volumetric analysis, [@ref2] reported decreased FA values of the medial cerebellar peduncles in patients with primary progressive MS compared to those of patients with RRMS and HCs. However, in contrast to our data, no significant differences in FA and RD were reported between RRMS patients and controls. Yet, these data were collected on a 1.5-T scanner and it was not clearly stated whether MS lesions were present along the analyzed fiber tracts. Another study ([@ref42]), using a DT template generated from a control population and calculating diffusivity along directions defined in MNI standard space, reported, in contrast to our data, a decrease in AD, but in agreement with our data, an increase in RD in MS patients compared to healthy subjects. It should be noted, however, that these authors used a patient sample in advanced stages of the disease. For epilepsy patients, it has been reported that changes in AD follow a biphasic pattern, increasing shortly after WM injury followed by a decrease after longer time periods ([@ref14]). It is evident that the different patterns of AD observed in the two investigated fiber types likely depend on the "age" of the MS lesion, and thus, early in the disease, changes in diffusion measures, in particular changes in AD, may be blurred ([@ref9]; [@ref22]) as a result of the interaction between repair and neuroprotective processes following immune attack and lesion evolution. Therefore, decreases in AD may only be readily detectable at later stages of the disease when axonal damage and clinical symptoms are more pronounced. Longitudinal studies could potentially resolve this issue and offer deeper insight into the AD fluctuations along the affected WM tracts. Nevertheless, the results reported here strongly support the growing evidence that an increase in RD is indeed a sensitive marker for demyelination throughout the disease course ([@ref10]; [@ref18]; [@ref20]; [@ref32]).

The novelty of our study is the investigation of the impact of an isolated MS lesion on WM fibers using DTI and tractography. The changes in diffusivity measures observed in our data suggest alterations along entire fiber tracts as the result of an isolated MS lesion and are an indication of Wallerian degeneration processes even extending to functionally connected brain regions, thus eventually leading to rarefication and complete destruction or transection of WM fibers from their cell bodies, reducing GM cell densities and/or cortical thickness ([@ref6]; [@ref21]). The spatial resolution of the DTI in vivo may not be as high as in animal model experiments using two-photon microscopy and live imaging ([@ref34]), but our results reveal injured areas at distances exceeding 10 mm beyond the lesion site along the WM tracts. This is in line with previous studies that have reported axonal pathology distal to the site of lesions in vivo in humans with spinal cord injuries ([@ref12]; [@ref33]) and DTI changes along WM tracts in post-mortem secondary progressive MS brains ([@ref21]), as well as in animal models of MS and spinal cord injury ([@ref7]; [@ref8]; [@ref11]; [@ref13]; [@ref16]). Our study demonstrates that changes in diffusivity measures resulting from an isolated lesion are found along the whole affected fiber even at early stages of the disease and emphasizes that increases in RD serve as a strong indication of demyelination processes ([@ref20]).

Our unbiased evaluation of lesion accumulation showed that the most affected WM regions within the posterior fossa are the pons and cerebellar peduncles. The latter, whose pathways comprise compact myelinated and parallel-laminated fibers, are comparable to the supratentorial corpus callosum and the periventricular pathways, which are also preferential loci for an immune attack. These findings demonstrate that the immune attack in MS influences more distant networks than expected as the result of a focal inflammatory MS plaque, supporting existing evidence that Wallerian degeneration is an important aspect of the disease pathology. Furthermore, this loss of fiber integrity can be detected in vivo in MS patients using diffusion-weighted imaging techniques.

None of the authors report any conflicts of interest relevant to this work. This work was supported by grants from the German Research Council (DFG; CRC-TR 128, B5 to FZ and BA 4097/1-1 to BB) and the Ministry of Science and Education (BMBF/KKNMS, B7.3 to FZ). We wish to thank Christie Dietz and Dr. Darragh O\'Neill for proofreading the manuscript.

![Lesion overlay map of infratentorial MS lesions. Lesion overlay map for the observed dissemination of infratentorial MS lesions. (a) Defined regions of the observed areas in the brainstem and cerebellum (red: cerebellar cortical and juxtacortical region; dark blue: peduncles; green: mesencephalon; yellow: pons; bright blue: medulla). (b) Lesion overlay map results for 174 RRMS patients with infratentorial lesions out of the total of 317 patients investigated. The number of overlapping lesions is illustrated by different colors indicating increasing frequencies from violet (*n* = 1) to red (*n* = 174).](gr1){#f0005}

![Diffusion indices at the lesion site of the ICP bar chart of diffusion indices at the lesion site of the inferior cerebellar peduncle (ICP). Error bars indicate standard deviation from the mean (SD). Fractional anisotropy (FA), mean diffusion (MD), axial diffusivity (AD) and radial diffusivity (RD) at the lesion site in ICP fibers or at the corresponding contralesional NAWM site in the same patients and healthy controls (HC). Reduced FA values are found at the lesion site and NAWM site compared to the same site in HC. RD was increased at the lesion site in comparison with the corresponding contralesional site in NAWM and HC fibers. There are no differences between the three groups with respect to MD and AD (\**p* \< 0.05; \*\**p* \< 0.01; Kolmogorov--Smirnov test).](gr2){#f0010}

![Diffusion indices along ICP fibers. Diffusion indices plotted along the inferior cerebellar peduncle (ICP) fibers (red: ipsilesional tracts of patients with lesions; black: contralesional tracts of NAWM fibers in the same patients; blue: tracts of healthy controls (HC)). Solid lines represent mean values and the shaded areas correspond to ±1.96 × standard deviation (95% confidence region). (a) Tracked ICP fibers passing through the MS lesion are illustrated. (b) A significant decrease in fractional anisotropy (FA) is observed along ipsilesional fibers compared to the corresponding fibers in HC (*p* \< 0.05; Kolmogorov--Smirnov test). No differences in (c) mean diffusion (MD) and (d) axial diffusivity (AD) were found between the groups. (e) Radial diffusivity (RD) is significantly increased along the ipsilesional fibers in comparison with corresponding fibers in HC (*p* \< 0.05; Kolmogorov--Smirnov test). In contrast, RD values were not found to differ between ipsilesional and contralesional NAWM tracts.](gr3){#f0015}

![Diffusion indices along LSAF fibers. Diffusion indices along the left superior arcuate fasciculus (LSAF) fibers (red: fibers of patients with MS lesion; black: contralesional NAWM fibers with no lesions; blue: fibers of healthy controls (HC)). Solid lines represent mean values and the shaded areas correspond to ±1.96 × standard deviation (95% confidence region). (a) Tracked LSAF fibers passing through MS lesion are illustrated. (b) A significant global decrease in fractional anisotropy (FA) values in ipsilesional fibers was found in comparison with contralesional tracts of NAWM in the same patients and HC (*p* \< 0.01; Kolmogorov--Smirnov test). (c) A significant increase in mean diffusion (MD) values was found in the ipsilesional fibers compared with fibers of HC (*p* \< 0.01; Kolmogorov--Smirnov test). (d) Axial diffusivity (AD) was found to be decreased in NAWM in comparison with the fibers of HC and ipsilesional fibers. Moreover, significant differences in AD were detected between the tracts of the HC and patients (*p* \< 0.01; Kolmogorov--Smirnov test). (e) Radial diffusivity (RD) values were found to be increased in ipsilesional fibers of patients and contralesional NAWM fibers compared to the tracts of the HC group (*p* \< 0.01; Kolmogorov--Smirnov test).](gr4){#f0020}
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